Aim To assess platelet inhibitory effects, interindividual variability in platelet inhibition as well as response to a 600 mg, compared to a standard 300 mg, clopidogrel loading dose (LD) after coronary stenting. Methods and results Platelet function profiles were assessed in 50 patients undergoing coronary stenting receiving either a 300 mg (n = 27) or 600 mg clopidogrel LD. ADP (6 lM) and collagen (6 lg/mL) induced platelet aggregation, as well as ADP (2 lM) induced glycoprotein (GP) IIb/IIIa activation and P-selectin expression were assessed at baseline and 4, 24, and 48 h following clopidogrel front-loading. A more intense and rapid inhibition of platelet activation (both GP IIb/IIIa activation and P-selectin expression) were achieved using a 600 mg, compared to a 300 mg, LD throughout the entire 48 hours (p < 0.001). Although there were no differences in platelet aggregation, overall a 600 mg LD increased the number of clopidogrel responders and this was also achieved earlier compared to a 300 mg LD. A 600 mg LD did not reduce interindividual variability of platelet response. Conclusion The use of a 600 mg clopidogrel LD in patients undergoing coronary stenting optimises platelet inhibitory effects early after intervention and may provide a more effective protection against early thrombotic complications.
Introduction
The combination of aspirin and clopidogrel represents the treatment of choice to prevent stent thrombosis early after coronary stenting (CS). 1 Clopidogrel has a better safety profile and a more accelerated antiplatelet activity than ticlopidine using a standard 300 mg oral loading dose (LD). [2] [3] [4] [5] [6] Such rapid antiplatelet effects obtained with clopidogrel front loading is crucial since thrombotic complications commonly occur within the first 24-48 h following CS. 1 However, thrombotic events still occur despite the use of dual antiplatelet treatment and this may, at least in part, be attributed to an inadequate effect of antiplatelet therapy. 7 Recent data have demonstrated an interindividual variability of platelet inhibition in patients undergoing CS receiving a standard 300 mg clopidogrel LD on top of aspirin. [8] [9] In particular, approximately one-third of patients may have a suboptimal antiplatelet response early after intervention using this treatment regimen. [7] [8] [9] [10] [11] Although clopidogrel response improves over time, 8 a high clopidogrel LD regimen has been suggested to optimise this response more rapidly. However, the effect of a high clopidogrel LD on platelet reactivity, interindividual variability of platelet inhibition and number of clopidogrel responders has still not been well defined. Thus, the aim of this study was to compare platelet function profiles in the early hours after coronary stent intervention in patients receiving a standard 300 mg clopidogrel LD with that obtained following a 600 mg LD and to assess interindividual variability in platelet inhibition as well as the number of clopidogrel responders/non-responders.
Methods Patient population and study protocol
Fifty patients referred to our interventional cardiology unit for elective coronary stenting were included: 27 patients received a 300 mg clopidogrel LD and 23 received a 600 mg LD. Allocation to one or the other treatment group was consecutive: the first 27 patients received a 300 mg LD while the final 23 patients were assigned to a 600 mg LD. Clopidogrel loading was administered immediately after intervention. Clopidogrel (75 mg/daily) was then administered with 24-h intervals during hospitalisation and maintained for one month. All patients were on aspirin (250 mg/daily) for at least 7 days before procedure. During the procedure, unfractioned heparin (100 IU/kg) was administered and activation clotting time values were maintained above 250 s. Only commercially available bare metal stents were used. Exclusion criteria were use of lysis therapy or platelet glycoprotein (GP) IIb/IIIa blockers before, during, or after intervention; prior use of thienopyridines; and/or aspirin intolerance/allergy. Blood samples for platelet function assays were collected before intervention (baseline sample) whilst patients were only on aspirin and then 4, 24, and 48 h following clopidogrel administration. Blood was drawn from a 6-French arterial sheet for baseline and 4-h samples and from an antecubital vein using a 21-gauge needle for the 24-and 48-h samples. The initial first millilitres were discarded to avoid spontaneous platelet activation. Platelet count was assessed at all time points to ensure that the degree of platelet reactivity was not biased by the number of platelets in each group. Patients were not included if platelet counts were outside the range of 125-450 10 9 /L. This study complied with the Declaration of Helsinki, was approved by the Ethical Committee of the San Carlos University Hospital and all patients gave their informed consent.
Assessment of platelet aggregation
Blood was collected in tubes containing 3.8% trisodium citrate for assessment of platelet aggregation. Aggregation induced by 6 lM ADP (Chrono-Log Corp., Havertown, PA, USA) and 6 lg/mL collagen (Chrono-Log Corp., Havertown, PA, USA) was assessed in platelet-rich plasma (PRP) using the turbidimetric method in a 2-channel aggregometer (Chrono-Log 490 Model, Chrono-Log Corp., Havertown, PA, USA). 12 Agonists (type and concentration) were used as previously reported. 13 PRP was obtained as a supernatant after centrifugation of citrated blood at 800 rpm for 10 min. The platelet count in PRP was adjusted to the range of 150,000-300,000/L by dilution with autologous plasma when out of range. The isolated PRP was kept at 37°C before use. Platelet poor plasma (PPP) was obtained by a second centrifugation of the blood fraction at 2500 rpm for 10 min. Light transmission was adjusted to 0% with PRP and to 100% for PPP in each measurement. Platelet aggregation was assessed within 2 h from blood sampling. Curves were recorded for 5 min and platelet aggregation was determined as the maximal percent change in light transmittance from baseline using PPP as reference.
Assessment of platelet activation
Platelet activation was determined by assessing platelet surface expression of activated GP IIb/IIIa and P-selectin following 2 lM ADP (ChronoLog, Havertown, PA) stimuli through flow cytometry as previously described. [14] [15] Whole blood was drawn into sterile tubes containing 3.8% trisodium citrate and then diluted with Hepes-tyrodes buffer (5 mM Hepes [hydroxyethylpiperazineethane-sulfonic acid], 137 mM NaCl, 2.7 mM NaHCO 3 , 0.36 mM NaH 2 PO 4 , 2 mM CaCl 2 , 5 mM glucose, 0.2% BSA) to a final volume of 1:8:1 (blood: Hepes-tyrodes: citrate) resulting in a 1/10 dilution during sampling. Then, 50 lL of diluted blood was stimulated with 2 lM ADP before immunolabelling. GP IIb/IIIa activation was assessed using a polyclonal fluorescein isothiocyanate (FITC)-conjugated rabbit anti-human fibrinogen antibody (800 nM, DAKO Diagnostics, Glostrup, Denmark) to detect fibrinogen binding to the activated GPIIb/IIIa complex. Similarly, P-selectin expression was assessed using a phycoerythrin (PE)-conjugated anti-CD62P (0.3 mg/ml, Becton Dickinson, San José, CA, USA). Twenty minutes after incubation with the corresponding antibody, 300 ll of 0.5% PBS-buffered paraformaldehyde was added for fixation. Samples were analysed within 2 h on an EPICS-XL PROFILE II Coulter flow cytometer (Coulter Corp. Miami, FL, USA). Light scatter and fluorescence data from 10,000 platelet events were collected with all detectors in logarithmic mode. Platelet activation was expressed as the percentage of platelets positive for antibody binding. Non-specific immunostaining for rabbit anti-human fibrinogen was determined using an irrelevant isotype IgG-FITC conjugated, purified from normal rabbit serum, and non-specific immunostaining for CD62P was determined using an irrelevant isotype IgG-PE conjugated (Becton Dickinson, San José, CA, USA), and thus served as negative controls.
Definition of clopidogrel response
Response to clopidogrel treatment was defined according to the degree of inhibition of platelet function (platelet aggregation, GP IIb/IIIa activation and P-selectin expression) after clopidogrel administration compared with baseline values (before clopidogrel). In line with previous reports, 7,10 patients were classified as non-responders, low responders, and responders when platelet inhibition was <10%, 10-29%, and P30%, respectively.
Statistical analysis
Continuous variables are expressed as mean ± SD. Categorical variables are expressed as frequencies and percentages. Comparisons between categorical variables were performed using the two-tailed Fisher's exact test or Pearson's v 2 test as appropriate. The Student's t-test was used to compare continuous variables as these were normally distributed. A multivariate analysis of variance (MANOVA) with Bonferroni correction was used to assess differences between groups during the overall study time course. A p value <0.05 was considered statistically significant. The coefficient of variability (CV) was used to assess the interindividual variability in each of the platelet function assays (CV = SD/mean). A significant variability was defined when the CV was higher than 0.25 in continuous variables with a normal distribution. Statistical analysis was performed using a SPSS v11.0 software (SPSS Inc. Chicago, IL, USA).
Results

Characteristics of the study population
Baseline demographic, angiographic and biological data are provided in Tables 1 and 2 . All patients had a platelet count within the pre-defined range. Coronary stenting was successfully performed in all patients and no bleeding complications occurred.
Platelet aggregation
ADP-and collagen-induced platelet aggregation was significantly reduced respect to baseline at 4, 24, and 48 h after 300 and 600 mg clopidogrel LD (p < 0.01 for all comparisons respect to baseline). Platelet aggregation profiles during the entire study period were similar using 6 lM ADP (MANOVA; p = 0.84) and 6 lg/mL collagen (MANOVA; p = 0.48) between both treatment groups ( Fig. 1(a) and (b) ).
GP IIb/IIIa activation GP IIb/IIIa activation was significantly reduced with respect to baseline at 4, 24, and 48 h in both treatment groups (p < 0.05 for all comparisons with respect to baseline). A greater inhibition of ADP-induced GP IIb/IIIa activation was achieved in patients receiving a 600 mg, compared to a 300 mg, clopidogrel LD 4 hours after drug administration and significant differences were maintained at 24 and 48 h (Fig. 2(a) ). GP IIb/IIIa activation was significantly lower during the overall study time course in the high LD group (MANOVA; p = 0.001; Fig.  2a) . Following a 600 mg clopidogrel LD, platelet inhibition of GP IIb/IIIa activation was 46% greater than that achieved with a 300 mg LD as early as 4 h after intervention. Afterwards, a stable degree of inhibition of the GP IIb/IIIa receptor persisted at 24 and 48 h following a 600 mg clopidogrel loading, whilst inhibition of the GPIIb/IIIa receptor gradually increased in the 300 mg group at 24 and 48 h. At 48 h after treatment, patients receiving a 600 mg loading still had a greater inhibition of GP IIb/IIIa activation compared to those treated with a standard 300 mg LD (p = 0.02; Fig. 2(a) ).
P-selectin expression
P-selectin expression significantly reduced with respect to baseline at 4, 24, and 48 h in both treatment groups (p < 0.05 for all comparisons respect to baseline). As observed for GPIIb/IIIa activation, a greater inhibition of ADP-induced P-selectin expression was achieved in patients receiving a 600 mg compared to a 300 mg clopidogrel LD at 4, 24, and 48 h and P-selectin expression was significantly lower during the overall study time course in the high LD group (MANOVA; p = 0.001; Fig. 2(b) ). Values are expressed as means ± SD and absolute number (percentages).
Clopidogrel response and interindividual variability
Although the number of responders varied according to the platelet function assay used for its definition, overall a 600 mg LD was associated with a higher number of clopidogrel responders (Table 3 ). In particular, the number of responders was significantly higher at 4 and 24 h for inhibition of GP IIb/IIIa activation and at 4 and 48 h for P-selectin inhibition. A significantly higher number of clopidogrel responders were observed at 24 and 48 h for collagen-induced platelet aggregation and at 24 h for ADP-induced platelet aggregation. Importantly, a higher number of responders was achieved earlier (at 4 h) using a high LD and subsequently a minor increase in the number of clopidogrel responders over the study time period was seen in this group. Using a 300 mg LD, the number of clopidogrel responders progressively continued to increase over time. Interestingly, despite the greater degree of platelet inhibition, and thus of clopidogrel responders, which was achieved earlier with a high LD regimen, a significant interindividual variability of platelet inhibition persisted (Fig. 3) .
Discussion
The main result of this study is that a 600 mg clopidogrel LD is able to achieve a more intense and rapid inhibition of platelet activation (ADP-induced GP IIb/IIIa activation and P-selectin expression) compared to a standard 300 mg LD during the first 48 h after coronary stent implantation. This higher clopidogrel front loading regimen increased the number of clopidogrel responders and this was also achieved earlier compared to a 300 mg LD regimen. Importantly, despite an overall improvement in clopidogrel response, an increased front loading was not associated with a reduction in the interindividual variability in clopidogrel induced platelet inhibition.
The rationale for using a 300 mg clopidogrel LD in clinical practice derives from dose finding studies performed mainly in healthy volunteers. 3, 6 Platelet reactivity in patients with coronary atherosclerosis undergoing coronary stenting may be significantly different from that of healthy individuals. In fact, in this clinical setting there is an increased thrombotic milieu not observed in healthy individuals due to several factors, such as the presence of primed platelets 15 or increased platelet reactivity induced by coronary stenting 8, 9 and/or heparin administration. 16 In addition, drug-drug interactions inhibiting clopidogrel activation by the hepatic cytochrome P450 (CYP) 3A4, 17 genetic polymorphisms (GPIIb/IIIa receptor, GPIa receptor, P2Y 12 receptor), 15, 18, 19 and signalling defects may also modulate clopidogrel-induced antiplatelet effects. Therefore, there is a large degree of evidence suggesting that a 300 mg LD may not be sufficient to inhibit platelet reactivity leading to a significant proportion of patients having a poor clopidogrel response. Although we cannot assume that poor responders to a 300 mg clopidogrel LD from our study would have had a better response with a 600 mg LD (a cross-over study design would be best to address this issue), a high LD regimen appear as a simple and attractive solution. Our results using a 600 mg LD demonstrate an improved clopidogrel response in the early hours following coronary intervention, even if a significant degree of interindividual variability in platelet inhibition persists. The high number of factors contributing to modulation of platelet function in patients undergoing coronary interventions may explain the persistence of interindividual variability in platelet inhibition observed following treatment with a higher clopidogrel LD or even with more potent antiplatelet drugs. 20 High clopidogrel LD regimens have already been tested in several coronary intervention studies, both in low 21 and in high risk settings, 22 and have been shown to be safe and potentially beneficial. However, functional data comparing different LD regimens are limited. Muller et al. 23 observed that a 600 mg clopidogrel LD significantly reduced ADP-induced platelet aggregation more than a 300 mg LD and more than a ticlopidine 2 · 500 mg LD (10 patients per group) up to 48 h after drug administration. These authors also observed that P-selectin expression was only reduced in the higher clopidogrel LD group. Seyfarth et al. 24 observed a greater inhibition of ADP-induced P-selectin expression in 11 patients receiving a 450 mg clopidogrel LD compared to 21 patients receiving a 300 mg clopidogrel LD at 24 and 48 h following drug administration. Importantly, inhibition of P-selectin expression, as that also observed in our study, supports clopidogrel's potential anti-inflammatory effects and may represent an additional mechanism through which clopidogrel provides clinical benefit. 25 In addition to these data, our study also measured GP IIb/ IIIa activation, the final mediator of platelet aggregation, upon which a 600 mg clopidogrel LD achieves a more rapid and intense inhibition than a 300 mg LD. Furthermore, our results also show that a high LD is able to increase the number of clopidogrel responders although interindividual variability in platelet inhibition remains high.
Clinical implications
Previous studies have demonstrated that clopidogrel pretreatment (at least 6 h) in patients undergoing coronary interventions is associated with a better one-month outcome. 26 In a subanalysis from the Clopidogrel for the Reduction of Events During Observation (CREDO) trial such benefit was not achieved unless pre-treatment was initiated at least 15 h before intervention. Since in the ''real world'' coronary interventions are frequently being performed immediately after diagnostic angiography, a clopidogrel pre-treatment strategy within the suggested time frame is frequently not feasible. Therefore, there is still a need to optimise the degree of platelet inhibition early after interventions, especially in high risk settings (acute coronary syndromes), in order to reduce early thrombotic risk and a 600 mg clopidogrel LD at the time of intervention may safely be used to reach this goal. 12, 23, 27 Although the most rapid inhibition of platelet function is achieved using intravenous GP IIb/IIIa inhibitors, data from the Intracoronary Stenting and Antithrombotic Regimen-Rapid Early Action for Coronary Treatment (ISAR-REACT) trial demonstrate that low and intermediate risk patients undergoing elective PCI receiving a 600 mg clopidogrel LD at least 2 h before intervention had the same one month clinical outcome as patients receiving abciximab in addition to a 600 mg clopidogrel LD. 12 Importantly, this was associated with a more favourable per se safety profile and outcome did not improve with the number of hours of pre-treatment. The data from our study demonstrate that a 600 mg clopidogrel LD induces a rapid and marked inhibition of platelet reactivity in patients undergoing elective stenting. This may help explain why there was a lack of additional benefit obtained with the adjunct use of abciximab in the relatively low risk patient population from the ISAR-REACT trial.
Study limitations
The present study has same potential limitations. First, the definition of an optimal response to clopidogrel treatment is empiric. However, the definition that we adapted is in line with that suggested in previous reports 7, 10 and is reliable to identify relative differences in platelet inhibition between the two treatment strategies. Although the clinical implications for clopidogrel response still needs verification, it is well known from previous reports that ischaemic events are associated with increased platelet reactivity and suboptimal antiplatelet response. 21, 28 Therefore, even if the small sample size of the study did not allow clinical differences (i.e., stent thrombosis) to be found, our findings are still relevant because a 600 mg clopidogrel LD reduced platelet activation to a greater extent and more rapidly than a 300 mg LD.
Second, this was not a randomized study. However, patients were consecutively allocated to one treatment arm (300 mg) and afterwards to the other (600 mg), limiting study bias. Importantly, the two treatment groups were also homogeneous for clinical presentation, risk factors, treatment and procedural data (Tables 1 and  2 ). Furthermore, lipophilic statins, highly debated to be involved in inhibiting clopidogrel activation through interaction with the hepatic CYP3A4 enzyme, 18 were equally distributed in the two treatment groups (7/15 and 8/16 statin treated patients in the 300 and 600 mg clopidogrel LD groups, respectively) and, in accordance with previous reports, 11, 29, 30 we did not observe reduction of the antiplatelet efficacy of clopidogrel (data not shown).
Ultimately, unlike some reports, 23 in our study a 600 mg clopidogrel LD failed to demonstrate differences in platelet aggregation when compared to a 300 mg LD. Although this may be related to the concentration of agonists used in our study (whereas higher concentrations may have unmasked underlying differences between the two treatment regimens), our data are in accordance with previous findings in which a high clopidogrel LD regimen (450-600 mg) achieved a similar degree of platelet aggregation using both a low and high agonist concentration. 31 Furthermore, the consistency of our results with two different agonists (ADP and collagen) used to induce platelet aggregation in vitro, and the overall greater number of clopidogrel responders observed with other assays in our study in patients receiving a high LD, support the validity of our findings.
Conclusions
The use of a 600 mg clopidogrel LD regimen induces a more enhanced platelet inhibition than a 300 mg LD in the early hours after coronary stenting. This increases and accelerates the number of clopidogrel responders and may therefore reduce the risk of early, acute thrombotic complications. A high clopidogrel LD regimen does not overcome interindividual variability of platelet inhibition, suggesting that other factors besides drug dose may still be involved in this phenomenon. Larger studies are warranted to assess the clinical impact of higher clopidogrel LDs compared to a standard 300 mg approach in order to define the optimal clopidogrel front-loading regimen in the setting of percutaneous coronary revascularization.
